abstract: Understanding the mechanisms regulating oocyte developmental competence is essential to enhance the clinical efficiency of assisted reproduction. FSH orchestrates the acquisition of oocyte competence, both in vivo and in vitro. Multiple pathways are implicated in FSH signalling; however, their precise coordination remains unresolved. A robust system to investigate FSH signalling is oocyte in vitro maturation (IVM) and we have previously demonstrated better bovine embryo development after FSH addition for the first 6 h during IVM. Using this model, we investigated FSH signalling in cumulus through transcriptomic and pharmacological tools. We demonstrate modulation of cumulus transcriptome by FSH mainly through protein kinase A (PKA) and epidermal growth factor (EGF) pathways. Differentially expressed transcripts were implicated in cumulus expansion, steroidogenesis, cell metabolism and oocyte competence. FSH required rouse-sarcoma oncogene (SRC) for EGF receptor transactivation. PKA and EGF pathway crosstalk was investigated using extracellular signal-regulated kinases (ERK1/2) phosphorylation as the functional end-point. FSH enhanced ERK1/2 activation by the EGF pathway with a simultaneous diminution through PKA. More specifically, FSH increased dual specific phosphatase (DUSP1) transcripts via PKA although DUSP1 protein did not change since EGF was required to prevent degradation. Our findings implicate FSH in PKA and EGF pathway activation, which interact to maintain appropriate levels of ERK1/2 phosphorylation and eventually cumulus expansion, metabolism and steroidogenesis. Moreover, considering the implication of the EGF pathway in GDF9 and BMP15 actions, our findings suggest that FSH may have a role in modulation of the cumulus response to oocyte-secreted factors. This information has implications for improvement of IVM and hence oocyte developmental competence.
Introduction
Folliculogenesis is governed by a complex crosstalk between endocrine and paracrine hormones. These factors regulate the functional properties of follicular somatic cells (cumulus and granulosa) and herald better oocyte competence through the requisite cumulus-oocyte communication. The oocyte secreted paracrine factors, including oocytederived growth differentiation factor 9 (GDF9) and bone morphogenetic protein 15 (BMP15), are critical for oocyte quality and optimum female fertility (Juengel et al., 2004; Li et al., 2008) . Oocytes from in vitro maturation (IVM) have poorer developmental competence compared with in vivo derived oocytes. Improvement of IVM system and eventually clinical efficiency require an understanding of the mechanisms regulating oocyte competence.
FSH orchestrates the ovarian follicular development. Primarily, FSH stimulates extensive granulosa and cumulus cell proliferation and differentiation as well as metabolic and steroidogenic activities. In fact, FSH accomplishes these functions in follicular cells by activating its downstream intracellular pathways and in turn, conferring on these cells a specific gene expression pattern (Dias et al., 2010) . Interestingly, the concept of biased agonism has been proposed for a number of G-protein coupled receptors (GPCRs), including gonadotrophin receptors (Dias et al., 2011) . In fact, biased signalling suggests that the ligands of a particular receptor may activate intracellular signalling pathways with different efficacies and hence may produce different effects. In the follicle, FSH influences multiple intracellular networks (Gloaguen et al., 2011) . In particular, a well-characterized signalling cascade is the activation of adenylate cyclase (AC) and subsequent synthesis of cAMP. This cAMP prompts activation of protein kinase A (PKA) which causes activation of key transcription factors, such as SP1/SP3 and the cAMP response element binding protein, CREB, which eventually regulate transcription of downstream genes (Means and Huckins, 1974) . Nevertheless, the growing complexity associated with FSH signalling asserts that AC/ cAMP/PKA is not the only pathway activated by FSH. There has been compelling evidence that several molecular events emanate independently of the PKA pathway. Notably, activation of protein kinase B (PKB/AKT) ensues following FSH stimulation, suggesting the role of exchange protein activated by cAMP (EPAC) in this process (GonzalezRobayna et al., 2000) . Furthermore, FSH stimulates synthesis of epidermal growth factor (EGF)-like peptides which result in transactivation of EGF receptors (EGFR) and subsequently provoke phosphorylation of ERK1/2 and mitogen-activated protein kinase (MAPK)14 (Freimann et al., 2004; Conti et al., 2006; Wayne et al., 2007; Prochazka et al., 2012) . The transactivation of EGFR by FSH has been mediated by the SRC family tyrosine kinase (SFK) (Zhang et al., 2006) . Consistently, activation of the phosphoinositide-3-kinase (PI3K)-AKT (PI3K/AKT) pathway following FSH-induced EGF activation has also been reported independent of PKA pathway (Shimada et al., 2006; Hsieh et al., 2011) .
Besides regulation of somatic cell functions for follicular development, FSH has been implicated in acquisition of oocyte developmental competence, both in vivo and in vitro (Sirard et al., 2007) . In bovine, in vivo experiments affirm that the treatment of females with gonadotrophins is involved in improvement of oocyte quality in a time-dependent manner (Blondin et al., 1997 (Blondin et al., , 2002 . Recently, it has been shown that a coasting period of 44-68 h after FSH stimulation of cows yields the best oocyte quality for subsequent development of embryos (Nivet et al., 2012) . IVM was initially developed as a research tool in cattle during the mid-1980s (Sirard et al., 1988) . The bovine has long been used as an animal model to study IVM, in vitro fertilization and in vitro culture (reviewed in Sirard (2011) ). It has been observed that the oocytes from IVM systems have poorer developmental competence compared with in vivo derived oocytes (Lonergan et al., 2003) . Since then, multiple studies have been conducted to improve oocyte maturation conditions (Gilchrist and Thompson, 2007; Sirard, 2011) . Despite considerable efforts, supplementation with fetal bovine serum remained an essential requirement as the use of bovine serum albumin reduced the oocyte quality (Korhonen et al., 2010) and generated conditions that are less physiological. Therefore, the use of defined media has remained a research tool to isolate the beneficial effects of single products, knowing that the conditions are artificially sub-optimal. Hence, in most of the laboratories worldwide as well as in the bovine embryo transfer industry serum supplementation is always used. Interestingly, addition of FSH for the initial 6 h of IVM significantly improved the rate of embryonic development generated from in vitro matured oocytes compared with control where both FSH and control groups were supplemented with fetal calf serum (Ali and Sirard, 2005) .
The two types of follicular somatic cells (granulosa and cumulus) have distinct transcriptomic signatures (Wigglesworth et al., 2014) which bestow upon them different functional properties. Interestingly, the cumulus gene expression pattern has been associated with the developmental competence of the oocyte contained therein (Assidi et al., 2008; Hamel et al., 2010) . Therefore, it is speculated that acquisition of particular gene expression patterns endows the cumulus cell with special properties that eventually bequeath oocyte developmental competence through intricate cumulus-oocyte communication. However, assuming the complexity inherent to putative biased agonism, the precise gene networks through which FSH augments oocyte competence need to be elucidated.
We have shown that FSH supplementation during the first 6 h of IVM improves bovine embryonic development (Ali and Sirard, 2005) . This is very interesting since the bovine is a useful model to study human oocyte maturation, developmental competence and their implications in clinical applications (Menezo and Herubel, 2002; Santos et al., 2014) . Using this model, the objective of the present study was to elucidate FSH signalling networks and their possible collaboration in cumulus cells through global transcriptomic analysis. Further, a corollary objective was to ascertain the precocious temporal dynamics of the cumulus cell transcriptome and possible changes induced by FSH during IVM. We performed two complementary comparisons of the cumulus cell transcriptome during early maturation. First, we charted the standard temporal dynamics of the bovine cumulus cells' transcriptome by comparing gene expression of cumulus cells derived from cumulus-oocyte complexes (COCs) cultured in vitro for 6 h (CC-6H) with the expression patterns of cumulus cells of COCs immediately after collection (CC-0H). Second, we explored FSH-induced gene networks by comparing gene expression patterns of cumulus cells from COCs cultured with recombinant FSH (r-FSH) for 6 h (CC-FSH-6H) with similar controls without r-FSH (CC-6H). Subsequently, implications of the various cellular networks in FSH signalling in cumulus cells were ascertained through specific inhibitors using gene expression and ERK1/2 activation as functional endpoints. Lastly, using pharmacological tools we investigated the regulation of dual specific phosphatase 1 (DUSP1) by different pathways and its correlation with ERK1/2 phosphorylation. All cells (treatment and control groups) were cultured in serum-supplemented medium in order to mimic physiological conditions.
Materials and Methods
All animals used in this study were handled according to the guidelines of the Canadian Council on Animal Care. COCs were obtained by aspirating follicles from the slaughterhouse ovaries and no animal handling was carried out on university campus. All chemicals were purchased from Sigma Aldrich (St. Louis, MO, USA), unless otherwise stated.
IVM and bovine cumulus cell collection
Cumulus cells were collected from COCs with or without IVM for 6 h as described previously (Cagnone et al., 2012) . Briefly, COCs were obtained by aspirating follicles of 2 -6 mm diameter from the bovine ovaries. Following washes in HEPES-buffered Tyrode lactate solution (TLH), groups of up to 30 selected COCs, with at least five layers of cumulus cells, were either subjected to mechanical cumulus isolation (Ct-0H) or were placed in 500 ml of medium and matured for 6 h at 398C with 5% CO 2 and maximum humidity and then cumulus cells were separated mechanically. The maturation medium used was modulated according to the experimental design as (i) Control conditions: TCM-199 supplemented with 10% fetal calf serum (Medicorps), 0.33 mM pyruvic acid, and 50 mg/ml gentamycin, (ii) r-FSH supplementation: Maturation medium of control conditions supplemented with 0.5 mg/ml r-FSH (Merck-Serono's Gonal-f w ), (iii) Effect of inhibitors: The inhibitors of various pathways were added in r-FSH-supplemented medium as (a) 20 mM PKA inhibitor (H89, Sigma), (b) 10 mM EGF receptor inhibitor (AG1478, Calbiochem), (c) 3 mM PKC inhibitor (GF109203r, Calbiochem) and (d) 10 mM SRC inhibitors (PP2, Calbiochem). All values are indicated as final concentrations.
FSH signalling networks in bovine cumulus cells
Determination of differential transcript levels in bovine cumulus cells
Microarray analysis
Total RNA of cumulus cells from three independent biological repetitions was extracted and purified using Arcturus PicoPure RNA Isolation Kit (Life Technologies, Burlington, ON, Canada) according to the manufacturer's instructions. Purified RNA was amplified using T7 in vitro transcription and subsequently was labelled with Cy3 and Cy5, as described previously (Cagnone et al., 2012) . The labelled RNA (825 ng/replicate) was hybridized on EmbryoGENE bovine microarray slides (Robert et al., 2011) in a twocolor dye swap design. Microarray slides were scanned with a PowerScanner (Tecan, Mannedorf, Switzerland) and features were extracted with ArrayPro 6.3 software (MediaCybernetics, Rockville, MD, USA). Intensity files were analysed by FlexArray 1.6.1 (http://genomequebec.mcgill.ca/FlexArray), which consisted of raw data correction by background subtraction and normalization within (Loess) and between (quantile) arrays. The statistical comparison of various conditions was carried out using the Limma package and differentially expressed targets were considered to have a 2-fold change and P , 0.05 after false discovery rate correction. Data were deposited into the NCBI Gene Expression Omnibus database (GSE 67969 and GSE 67970).
Quantitative RT-PCR
Next, total RNA from three biological replicates of cumulus cells, other than the ones used for microarray, was reverse-transcribed with a qScript Flex cDNA Synthesis Kit (Quanta Biosciences, Gaithersburg, MD, USA) using oligo-dT primers according to the manufacturer's instructions. Specific primers for each selected gene were designed using Primer3PLus w available at http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus. cgi. Quantitative RT-PCRs (qRT-PCR) were performed using LC Fast Start DNA Master SYBR Green I in the LightCycler 2.0 (Roche, Laval, QC, Canada). Each primer pair was first validated for a single product through melting curves analysis and running the PCR product on a gel. The PCR template was used to prepare a standard curve, which was included in each reaction. The data were normalized through GeNORM (Vandesompele et al., 2002) by using the values of three reference genes actin-beta (ACTB), glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and periphilin 1 (PPHLN1). Primer sequences and the PCR annealing temperatures used are shown in Supplementary Table SI.
Analysis of biofunctions and upstream regulators
In order to ascertain which biological functions are affected by r-FSH in cumulus cells and by what mechanisms, FSH-sensitive genes were subjected to functional annotation using Ingenuity w Pathway Analysis. Owing to a large data set ( 1500 FSH-sensitive transcripts), we developed a robust analysis strategy to identify the core regulatory networks which emanate from FSH stimulation. First, we identified major upstream regulators which affect the transcription of differentially expressed genes in our data. Then, the active targets of these upstream regulators were subjected to functional annotation to ascertain the highly affected functions.
Biofunction analysis
Lists of mRNAs differentially expressed between FSH-supplemented cumulus cells (FSH-6H) and untreated controls (Ct-6H) were uploaded in the Ingenuity w package and were analysed for major biological functions. This attributed the probability of association between the genes in our data set and major biofunctions affected, and displayed dynamic information about our data.
Upstream regulator analysis
Ingenuity w upstream regulator analysis was performed which was based upon previously known effects of different molecules on their target genes. Ingenuity w attributes each upstream molecule an overlap P-value and an activation Z-score. Activation score is a global score based upon the known effects (up-regulation or down-regulation) of a molecule on each of its target genes. Consequently, an upstream regulator is attributed an 'activated' (Z-score .2), 'inhibited' (Z-score ,2) or uncertain state based upon the observed changes in gene expression. In concordance between the activated status of the most significant upstream regulators and differentially expressed genes in our data, we built Circos plots (Krzywinski et al., 2009) . This enabled us to simultaneously visualize activated upstream regulators and their downstream targets, which are differentially expressed genes in our data.
Dynamic features of FSH-induced gene expression pathway
In this regard, we constructed gene interaction networks in Ingenuity w by taking into account the molecules affected by major upstream regulators. Furthermore, considering a putative biased signalling by FSH, the genes in our differential expression data which belonged to intracellular networks already implicated in FSH signalling, such as PKA, PKB (AKT), PKC, EGFR, ERK1/2 as well as their upstream and downstream targets, were included in this quest. Additionally, to complete the missing linkages, a few molecules which initially were not differentially expressed in our analysis, such as proteins of the MAPK pathway, were also included. It is worth mentioning that our proposed pathway of r-FSH signalling was based upon transcriptomic and qRT -PCR results. Moreover, the activated or inhibited status of different molecules or networks was determined through the Ingenuity w database, according to the status of upstream and downstream molecules.
Western blot analysis
Groups of 10 bovine COC were run on 4 -15% sodium dodecyl sulphatepolyacrylamide gels. The proteins were transferred to Hybond-P membranes (GE Healthcare) using the Mini-Protean 3 cell apparatus (Bio-Rad). Membranes were blocked for 1 h with Tris-buffered saline (TBS) containing 0.05% (v/v) Tween 20 and 5% skimmed milk. Hybridization was performed overnight at 48C in TBS-Tween containing the primary antibody, that is, either rabbit anti-ERK1/2 (Cell Signaling Technology, Danvers, MA, USA) diluted 1:2000, rabbit anti-p-ERK1/2 (Cell Signaling Technology) diluted 1:1000, rabbit anti-MKP-1 (DUSP1) (Santa Cruz Biotechnology, Dallas, TX, USA) diluted 1:1000, mouse anti-a-tubulin (Sigma, Saint Louis, MO, USA) diluted 1:50 000; or rabbit anti-a-Tubulin (Cell Signaling Technology). The membranes were then washed three times in TBS-Tween and hybridized for 1 h at room temperature with the secondary antibody, namely peroxidase-conjugated goat anti-mouse immunoglobulin (Ig)G (Upstate, NY, USA) diluted 1:20 000 in the blocking buffer, or peroxidase-conjugated goat anti-rabbit IgG (Jackson Laboratories, West Grove, PA, USA) diluted 1:30 000. Detection was performed using the enhanced chemiluminescence ECL kit (Bio-Rad's Clarity ECL, Hercules, CA, USA) and the membranes were exposed to a Fusion FX7 digital camera (Vilber Lourmat, France). Images were analysed using Fusion FX software (Vilber Lourmat, France).
Statistical analysis
The analysis of microarray data was performed as describes earlier in this section. The results of qRT-PCR and western blot were analysed using analysis of variance followed by a Bonferroni test and t-test using the software GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA). P , 0.05 was considered significant.
Results

Overview of transcriptome changes in cumulus cells during IVM
In control conditions of IVM (without r-FSH) 1877 transcripts were differentially expressed between cumulus cells before maturation (Ct-0H) and after 6 h of maturation (Ct-6H), with 1027 up-regulated and 850 down-regulated. IVM with r-FSH supplementation highlighted 1469 transcripts in cumulus cells (FSH-6H) compared with controls without r-FSH (Ct-6H), containing 677 up-regulated and 792 down-regulated transcripts.
Principle component analysis (PCA) categorized the three kinds of cumulus samples separately, indicating dynamic changes of the cumulus transcriptome during early maturation as well as extensive gene expression modifications induced by r-FSH (Fig. 1A) . In parallel, hierarchical clustering revealed that each of the three categories of cumulus cells (Ct-0H, Ct-6H and FSH-6H) had distinct transcriptomic profiles (Fig. 1B) . In this analysis, the deepest segregation was observed between cumulus cells before (Ct-0H) and after maturation (FSH-6H and Ct-6H), affirming the large influence of IVM on the cumulus transcriptome. However, biological replicates of Ct-6H and FSH-6H were clustered together but remained categorically apart, indicating a significant transcriptomic shift due to r-FSH addition. Moreover, our study showed that FSH supplementation in IVM resulted in expression of multiple genes previously known to be involved in oocyte competence acquisition (Supplementary Table SII) .
Dynamic expression changes of r-FSH-sensitive genes
In order to understand FSH-induced kinetics of gene expression, the intensity value of 1500 FSH-sensitive genes was subjected to gene clustering in an in silico analysis (Fig. 1C) . This analysis grouped FSH-sensitive genes into six clusters with Cluster-1 (357 transcripts) as the largest. The genes included in Cluster-1 increased their expression level during maturation (Ct-6H versus Ct-0H) whereas r-FSH further increased their expression. The second largest category was the Cluster-2 (342) which FSH signalling networks in bovine cumulus cells showed the reciprocal pattern to Cluster-1. Cluster-3 (294) and Cluster-4 (337) contained the genes which did not change their expressions during control maturation while r-FSH augmented expression of Cluster-3 genes and declined Cluster-4 genes. Further, the genes in Cluster-5 (113) and Cluster-6 (26) showed dynamic expression changes during control IVM since their expression levels increased and decreased, respectively, however, addition of r-FSH abrogated the temporal dynamics of these genes.
Biofunction analysis and upstream regulators of r-FSH-sensitive genes
In a quest to identify FSH-induced genes which might be implicated in oocyte competence, we focused our analysis on the differentially regulated genes between r-FSH supplemented versus control group. FSH-sensitive genes were subjected to functional annotation using Ingenuity w Pathway Analysis. Here, FSH, EGF, LH, ERK1/2 and estradiol were identified as the major upstream regulators of FSH-induced differentially expressed genes. The transcription of 65 genes was positively activated by FSH. Most of these genes were governed by more than one upstream regulator and showed an overlapping behaviour of various upstream regulators ( Fig. 2A) . Subsequently, functional annotation of the active targets of these upstream regulators affirmed cell growth and proliferation, cellular death and survival, cancer, cellular development and lipid metabolism (steroidogenesis) as the principal functions coordinated by these genes (Fig. 2B) .
Validation of r-FSH-sensitive gene expression patterns
Next, to validate the microarray expression data through qRT-PCR, we compared the expression levels of 18 candidate genes. In the choice of candidate gene, particular attention was given to include genes from all categories of different analyses performed earlier, namely (i) biofunctions and upstream regulators and (ii) dynamic expression changes during maturation. Remarkably, expression patterns of all 18 genes tested were statistically consistent with the array data and validated the expression directionalities observed in the gene clustering analysis (Fig. 3) . In particular, the genes which increased expression level during control maturation conditions and were up-regulated to a greater extent by r-FSH included the EGF-pathway and cumulus expansion gene (hyaluronan synthase 2, HAS2), the gene involved in signalling and steroidogenesis of progesterone (progesterone receptor, PGR) and intracellular signalling protein kinase (mitogen-activated protein kinase 3, MAP2K3), which is an upstream activator of mitogen-activated protein kinase 14, MAPK14 alternatively called p38). Further, the gene which decreased expression with time of maturation and was further reduced by r-FSH was nuclear receptor subfamily 5, group A member 2 (NR5A2) which is involved in cellular growth and proliferation and lipid metabolism. The Cluster-3 genes which did not change during maturation and showed augmented expression with r-FSH addition included cAMP signalling pathway molecules (adenylate cyclase activating polypeptide 1, ADCYAP1 and protein kinase cAMP-dependent regulatory type 1 alpha PRKAR1A), member of AKT pathway (v-akt murine thymoma viral oncogene homologue 2 (AKT2), steroidogenic factors (steroidogenic acute regulatory protein STAR and cytochrome P450, family 11, subfamily A, polypeptide 1, CYP11A1), ligand of EGF receptor (amphiregulin, AREG), modulator of intracellular calcium level (cholecystokinin, CCK) and glucose transport (solute carrier family 2, member 1, SLC2A1). Additionally, Cluster-4 transcripts which did not show dynamic changes in control maturation but were down-regulated by r-FSH included tumour protein 53, (TP53), implicated in cell death or survival and granulosa cells differentiation. Amongst the genes which did not change their expression level during maturation under the influence of r-FSH but decreased and increased expression during control maturation, respectively, included platelet-derived growth factor beta polypeptide (PDGFB), implicated in cellular growth and proliferation, and nuclear receptor subfamily 4, group A member 1 NR4A1 (also called NUR77), involved in cell signalling and steroidogenesis.
Dynamic features of FSH-induced gene expression pathway
Further, we submitted gene lists to Ingenuity Pathway Analysis for insight into the interaction networks involved in gene expression patterns. The gene interaction network of control IVM revealed genes associated with cumulus cell physiology and oocyte quality markers were differentially expressed ( Supplementary Fig. S1 ). The analysis displayed those involved in extracellular matrix formation (HAS2 and pentraxin 3, PTX3), steroidogenesis (CYP19A1), ovulation (PGR), inflammation (interferon A, INFA, and interleukin 6, IL6), transcription factors (early growth response 1, EGR1), FSH receptor (FSHR), metabolism (solute carrier family 2, Figure 2 Continued. FSH signalling networks in bovine cumulus cells member 3 SLC2A3) and signal transduction (MAP2K3). Amongst the different intracellular signalling pathways, EGF and PKB networks were shown as activated while PKA and PKC were down-regulated.
The gene interaction network revealed that r-FSH activated multiple pathways across the cell along with crosstalk between these pathways (Fig. 4) . For example, there was activation of PKA pathway as evidenced by up-regulation of ADCYAP1 and PRKARA1 molecules, which incited CREB and hence, various important transcription factors (TP53, FBJ murine osteosarcoma viral oncogene homologue, FOS), growth factors (fibroblast growth factor 2, FGF2, nerve growth factor, NGF) and steroidogenic molecules (CYP11A1, scavenger receptor class B, member 1, SCARB, sterol regulatory element binding transcription factor 1, SREBF1, low density lipoprotein receptor, LDLR) were induced. Further, FSH activated PKC pathway, probably through calcium ions and phosphatidylinositol 3,4,5-triphosphate (IP3) molecules, and PKC interacted with the PI3K and MAPK pathways. Interestingly, the most significant pathway activated by r-FSH appeared to be the EGF pathway. In cumulus cells, r-FSH provoked up-regulation of AREG and an enzyme involved in cleavage of the EGF-extracellular domain (ADAMTS1). These factors activated EGF receptor (EGFR) and its The genes exclusively differentially expressed in the control conditions (Ct-0H versus Ct-6H). The results were normalized using the endogenous genes glyceraldehyde-3-phosphate dehydrogenase (GAPDH), actin-beta (ACTB) and periphilin 1 (PPHLN1) genes. Values are relative mRNA amount as mean + SEM. Analysis of variance (ANOVA) was performed and significant differences are identified by different letters. ADCYAP1 (adenylate cyclase activating polypeptide 1), AKT2 (v-akt murine thymoma viral oncogene homologue 2), AREG (amphiregulin), CCK (cholecystokinin), CYP11A1 (cytochrome P450, family 11, subfamily A, polypeptide 1), EGR1 (early growth response 1), FSHR (FSH receptor), HAS2 (hyaluronan synthase 2), MAP2K3 (mitogen-activated protein kinase 3), NR4A1 (nuclear receptor subfamily 4, group A, member 1), NR5A2 (nuclear receptor subfamily 5, group A, member 2), PGR (progesterone receptor), PDGFB (platelet-derived growth factor B), PRKAR1A (protein kinase cAMP-dependent regulatory type 1 alpha), STAR (steroidogenic acute regulatory protein), SLC2A1 (solute carrier family 2, member 1), SLC2A3 (solute carrier family 2, member 3), TP53 (tumour protein 53).
downstream target HAS2. Moreover, the EGF pathway caused activation of PGR, which is involved in ovulation in the granulosa cell compartment.
The r-FSH-induced gene expression pattern required PKA and EGF pathways
In fact, transcriptome analysis proposed activation of several intracellular networks by r-FSH, particularly, PKA, PKC and EGF pathways in cumulus cells. We explored 'potentially activated' networks in cumulus cells using specific inhibitors of PKA (H89), EGFR (AG) and PKC (GF) and observed gene expression levels as the functional end-point through qRT-PCR. Although with distinctive features, inhibition of the PKA and EGF pathways induced most of the r-FSH-specific gene expression patterns whereas PKC inhibition did not alter the targets (Fig. 5) . Precisely, inhibition of PKA or EGF receptor abrogated FSH-specific gene expression patterns except for CYP11A1 which seemed to be PKA dependent only while PRKARA1 was EGF receptor dependent only. Interestingly, NR5A2 appeared to be independent of either PKA or EGF pathway.
Intermediation of SRC in r-FSH-induced transactivation of EGF pathway
Further, to investigate the mechanism of r-FSH-induced EGF transactivation, we explored whether a SRC inhibitor (PP2) could prevent the r-FSH-induced gene expression pattern in cumulus cells. The gene expression patterns in cumulus cells mirrored the results of the EGF receptor inhibitor. Additionally, SRC appeared to be involved in NR5A2 regulation (Fig. 6) . Therefore, the results supported SRC involvement in the r-FSH-induced EGF transactivation along with regulation of other genes by the SRC network.
Interactions between PKA and EGF receptor pathways
It has been demonstrated that FSH prompted specific gene expression patterns through induction of ERK1/2 activation. We analysed cumulus cells obtained from control and r-FSH-supplemented COCs cultured with or without PKA, PKC, EGF receptor or SRC inhibitors Figure 4 Dynamic features of gene expression pathway represented during IVM. Differentially expressed transcripts between bovine cumulus cells derived from COCs before IVM (Ct-0H) and after 6 h of IVM (Ct-6H) were subjected to Ingenuity w Pathway Analysis. Considering the genes implicated in cumulus physiology, gene expression pathways revealed inhibition of the protein kinase A (PKA) and PKC pathways and activation of the epidermal growth factor (EGF) pathway. The genes involved in cumulus expansion and ovulation were up-regulated while those of steroidogenesis, glucose metabolism and transcription factors either did not change or were down-regulated. Molecular relationships are based upon the Ingenuity w knowledge base. The complete names of the molecules in this pathway may be found in the legend to Supplementary Fig. S1 . (Fig. 7) . This analysis revealed that r-FSH promoted ERK1/2 phosphorylation in cumulus cells through the EGF pathway and required SRC intermediation. On the contrary, PKA inhibition further increased FSH-induced ERK1/2 activation, as shown in Fig. 7 , suggesting that PKA may regulate the activity of FSH-induced ERK1/2. Next, we studied the interaction between PKA and EGF pathways and investigated transcript and protein levels of protein-phosphatase DUSP1 (Fig. 7) , which has been shown to interact with ERK1/2 and regulate its level of phosphorylation. Specifically, FSH increased DUSP1 transcript in a PKAdependent manner. However, DUSP1 protein required activation of the EGF pathway to prevent its degradation. This implied that a dynamic regulation existed between PKA and EGF pathways to maintain appropriate activation of ERK1/2 phosphorylation.
Discussion
FSH has been implicated in acquisition of oocyte developmental competence; however, the precise molecular mechanism has not been examined in detail (Blondin et al., 2002) . The present study reveals that FSH modulates dynamic gene expression changes during IVM. Also, FSH activates signalling networks which regulate the cumulus response to oocyte-derived paracrine factors and enhance oocyte quality. This information has implications for the improvement of oocyte culture conditions and an enhancement of developmental potential.
The ability of cumulus cells to support oocyte maturation requires signal transduction of both endocrine (Ali and Sirard, 2005; Sirard et al., 2007) and oocyte derived paracrine factors (Lucidi et al., 2003; Pangas and Matzuk, 2005) which involve de novo mRNA synthesis in cumulus cells (Sirard et al., 1989) . Our findings indicate that the transcriptome of cumulus cells before and after precocious maturation (Ct-6 h) are quite distinct, suggesting unique cumulus functions acquired during this process. In particular, the analysis of genes associated with cumulus cell physiology and oocyte quality markers displayed those involved in extracellular matrix formation (HAS2, PTX3), steroidogenesis (CYP19A1), ovulation (PGR), inflammation (INFA, IL6) and signal transduction (MAP2K3) (O'Shea et al., 2012; Uyar et al., 2013) . This is in agreement with previous reports which suggest similar gene dynamics of granulosa cells during oocyte maturation (Assidi et al., 2008; Nivet et al., 2013) . Notably, comparable expression patterns, at least to some extent, have been observed after the in vivo LH surge in cumulus cells (Assidi et al., 2010) . The up-regulation of cumulus functions during IVM that are specific to post-LH-surge in in vivo cells, affirm Figure 5 The r-FSH-induced gene expression pattern is abrogated by inhibiting EGF receptor in bovine cumulus cells. Expression profiles of selected genes in cumulus cells in the Ct-6H and FSH-6H groups with or without the addition of inhibitors of PKA (H89), EGF receptor (AG), SRC (PP2) or PKC (GF) were charted using qRT -PCR. The results were normalized using the endogenous genes GAPDH, ACTB and PPHLN1 genes. Values are relative mRNA amount as mean + SEM. ANOVA was performed and significant differences are presented as different letters.
acquisition of a particular cumulus state which enables oocyte maturation and prepares it for later development (Assidi et al., 2013) . Moreover, our study showed that FSH supplementation resulted in expression of multiple genes previously known to be involved in oocyte competence acquisition (Supplementary Table SII) . These genes need to be analysed further for their potential use as markers of oocyte competence.
In order to validate the microarray analysis, 18 candidate genes were chosen considering all dynamic expression patterns and important functions in cumulus physiology. These findings confirm previous reports and are pertinent because these genes have been implicated in important functions required for acquisition of oocyte competence (reviewed in Uyar et al. (2013) ). Particularly, endogenous activation of AREG has been considered essential for proper activation of EGF pathway and steroidogenesis improves oocyte maturation (Jamnongjit et al., 2005) . Further, FSH improves carbohydrate uptake necessary for cumulus expansion (Sutton-McDowall et al., 2004) , and activation of the PKA pathway suggests increased transcription of target genes such as those involved in steroidogenesis and oocyte maturation (Barberi et al., 2013) . In this category, three genes showed an increase during control maturation but with higher levels in FSH treatment, including HAS2, PGR and MAP2K3. Considering previous reports, activation of AREG through FSH seems to be involved in higher expression of HAS2 and PGR genes which induce cumulus expansion and ovulation (Conti et al., 2006) . In parallel, the transcription factor TP53 displayed no change during maturation but decreased after FSH addition, suggesting reduced apoptosis due to FSH, as reported previously (Nivet et al., 2013) . Interestingly, the two orphan nuclear receptors involved in steroidogenesis (NR4A1) and ovulation (NR5A2) showed reciprocal effects of FSH addition. Both NR4A1 and NR5A2 were down-regulated during control maturation; however, FSH effects were different for both. FSH enhanced the down-regulation effect for NR5A2 and inhibited downregulation of NR4A1 during FSH-supplemented maturation. Interestingly, these two genes are LH-responsive genes (Boerboom et al., 2000; Monga et al., 2011) which appeared to be regulated by FSH in our study. This reinforces the idea that the FSH response during IVM is, to some extent, similar to the LH response in vivo (Assidi et al., 2013) .
In a pursuit to identify FSH-signalling pathways in cumulus cells, microarray data were analysed through Ingenuity w Pathway Analysis. Ct-6H and FSH-6H groups with or without the SRC (SRC family tyrosine kinase) inhibitor (PP2) were charted using qRT-PCR. The results were normalized using the endogenous genes GAPDH, ACTB and PPHLN1 genes. Values are relative mRNA amount as mean + SEM. ANOVA was performed and significant differences are presented as different letters.
FSH signalling networks in bovine cumulus cells Interestingly, these pathways suggest predictive-inhibition of PKA and PKC pathways, and activation of the EGF pathway during control maturation without FSH. On the contrary, FSH supplementation resulted in activation of all PKA, PKC and EGF pathways. These observations confirm previous findings (Prochazka et al., 2012) . Noteworthy is the finding that the EGF pathway was activated during control conditions but the activation was further enhanced through FSH. It is supposed that activation of endogenous AREG by FSH is responsible for this observation, as suggested earlier . Next, we evaluated the effects of inhibition of various pathways which were predicted to be activated by FSH. The inhibition of PKA and EGF receptor abolished FSH-induced gene expression changes in cumulus cells for most of the genes except CYP11A1, which seemed to be PKA specific, while PRKARA1 was EGFR dependent. Interestingly, NR5A2 appeared to be independent of either pathway. This is in concordance with previous reports, except for CYP11A1 (Wayne et al., 2007) . Therefore, it is speculated that in bovine, CYP11A1 is activated predominantly through the PKA pathway (Poderoso et al., 2013) . In parallel, inhibition of PKC reduced FSH-induced gene expression levels; the effect was not significant, except for ADCYAP1 (PACAP). This presented a paradoxical situation since previous findings implicated PKC in FSH action on oocyte competence acquisition (Ali and Sirard, 2005) . This could be due to the difference of PKC inhibitors used in two experiments. Interestingly, PACAP has been suggested to enhance steroidogenesis, cumulus expansion, oocyte maturation, ovulation and male pronuclear formation after fertilization (Sayasith et al., 2007; Barberi et al., 2013) . These findings suggest that PKC is implicated in improvement of oocyte quality through PACAP activation. Additionally, PACAP has been induced by LH, FSH as well as EGF pathways, suggesting some role for PACAP and PKC in amelioration of communication between gonadotrophin and growth factor receptor pathways (Lee et al., 1999; Barberi et al., 2013) . Although our findings affirm that FSH activates multifarious signalling networks in cumulus cells, which work complementarily to acquire oocyte competence, the PKA and EGF pathways appear to regulate most of the genes induced by FSH during maturation.
The earlier studies demonstrate that transactivation of the EGF receptor by FSH occurred predominantly through SRC recruitment (Wayne et al., 2007; Gloaguen et al., 2011) . Interestingly, SRC inhibition reproduced EGF receptor inhibition which is in-line with previous data suggesting activation of EGF receptor through SRC recruitment in granulosa and cumulus cells (Sasseville et al., 2010) . Additionally, SRC inhibition prevented FSH action on NR5A2 which did not show EGFR regulation. It is already known that FSH activates multiple genes downstream of SRC which are independent of EGF pathway (Wayne et al., 2007) . Therefore, this suggests that FSH recruits SRC to prompt transcription of multifarious genes in addition to transactivation of the EGF pathway in cumulus cells while cultured in vitro.
It is well documented that FSH potently induced phosphorylation of ERK1/2 in follicular cells (Wayne et al., 2007) . Also, activation of mitogen-activated protein kinase kinase 1 (MEK1)-ERK1/2 by EGFR is the best documented amongst several pathways manifested by EGF receptor (Gonzalez-Robayna et al., 2000) . Therefore, we analysed the intracellular kinases which may be implicated in signal transduction of FSH action. Our results indicate that FSH increased ERK1/2 phosphorylation which was dependent upon activation of EGFRs through SRC intermediation (Fig. 6) . Additionally, ERK1/2 phosphorylation was increased by PKA inhibition, suggesting a negative regulatory role of PKA in this process. Although an increase in ERK1/2 phosphorylation has been suggested using forskolin (leading to indirect activation of PKA) (Richani et al., 2014) , others have proposed PKA-dependent activation of DUSP1 which decreases ERK1/2 phosphorylation (Pursiheimo et al., 2002; Ghayor et al., 2009 ). Here, we measured the levels of DUSP1 transcripts and protein. Our results affirmed that the transcripts of DUSP1 increased through the PKA pathway whereas the FSH-specific increase in DUSP1 protein required EGF pathway activation. This is in complete agreement with earlier reports (Pursiheimo et al., 2002) . It is, therefore, suggested that in cumulus cells FSH stimulated PKA and the EGF pathways, which tightly regulated ERK1/2 activity through DUSP1 and maintained appropriate functions through intricate signalling pathways.
Interestingly, our study showed that FSH resulted in expression of multiple genes previously known to be involved in oocyte competence acquisition (Supplementary Table SII) . Moreover, we present a model of oocyte competence acquisition by r-FSH (Fig. 8) . We propose that transactivation of the EGFR by FSH and consequently ERK1/2 phosphorylation plays an important role in cumulus functions such as cell metabolism, steroidogenesis and the response to oocyte-derived paracrine factors (GDF9, BMP15). In fact, it has been demonstrated that activation of the EGF receptor -ERK1/2 pathway is required for receptivity and signalling of oocyte-derived GDF9 in rat granulosa cells (Sasseville et al., 2010) . Moreover, AREG has been shown to co-operate with oocyte-derived BMP15 to enhance oocyte quality (Sugimura et al., Figure 8 Proposed mechanism of oocyte competence acquisition after FSH addition during IVM. FSH activates multiple signalling networks in cumulus cells including PKA, PKC and EGF pathways, which interact closely. The major pathways activated by r-FSH involve the PKA network and transactivation of EGF receptors through intermediation. The EGF pathway results in ERK1/2 phosphorylation with a putative improvement of cumulus receptivity to oocytesecreted paracrine factors (GDF9, BMP15) and improvement of steroidogenesis. In parallel, phosphorylation of ERK1/2 is negatively regulated by PKA to maintain physiologically optimum levels. These pathways interact and herald oocyte competence acquisition. AC (adenylate cyclase), ALK4/5 (also called ACVR1, activin A receptor, type IB), BMP15 (bone morphogenetic protein 15), EGFR (epidermal growth factor receptor), GDF9 (growth differentiation factor 9), MEK1 (mitogen-activated protein kinase 1, group A, member 2), PLC (phospholipase C), RAF (raf proto-oncogene), RAS (rouse sarcoma virus oncogene), p38 (mitogen-activated protein kinase 14), smad (smad family). 2014). In addition to the EGF pathway, steroidogenesis also affects oocyte maturation and competence (Jamnongjit et al., 2005) and recently it has been shown to be regulated by FSH (El-Hayek et al., 2014) . In this context, our proposed network is a working model for oocyte competence acquisition, which incorporates the EGF pathway as well as cell metabolism and steroidogenesis.
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